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ABSTRACT
A viable solution to the origin of close binary systems, unaccounted for in recent
theories, is presented. Fragmentation, occurring at the end of the secondary collapse
phase (during which molecular hydrogen is dissociating), can form binary systems
with separations less than 1 au.
Two fragmentation modes are found to occur after the collapse is halted. The rst
consists of the fragmentation of a protostellar disc due to rotational instabilities in a
protostellar core, involving both an m = 1 and an m = 2 mode. This fragmentation
mechanism is found to be insensitive to the initial density distribution: it can occur
in both centrally condensed and uniform initial conditions. The second fragmentation
mode involves the formation of a rapidly rotating core at the end of the collapse phase
which is unstable to the axisymmetric perturbations. This core bounces into a ring
which quickly fragments into several components.
The binary systems thus formed contain less than 1 per cent of a solar mass and
therefore will need to accrete most of their nal mass if they are to form a binary
star system. Their orbital properties will thus be determined by the properties of the
accreted matter.
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1 INTRODUCTION
Although signicant progress in our understanding of the
formation of binary stars has been made recently, the origin
of those systems with separations less than 1 au remains,
as yet, unclear. None the less, observations have shown
that a signicant number of main-sequence (Duquennoy &
Mayor 1991; Grin 1992) and pre-main-sequence (Mathieu,
Walter & Myers 1989; Mathieu 1992) stars have close com-
panions. At one time, ssion of a rapidly rotating protostar
was thought to be the most likely mechanism for the forma-
tion of close binary systems, but numerical simulations have
repeatedly shown that ssion does not occur (e.g. Durisen
et al. 1986). Instead, the gravitational torques from the bar
instability, and ensuing spiral arms, are able to transport
the excess angular momentum outwards, leaving a single ob-
ject and a surrounding disc (see also Bonnell 1994a). Since
then, fragmentation has been advanced as one of the most
probable mechanisms for the origin of most binary systems
(Boss 1988). Although much eort has gone into studying
the fragmentation of a collapsing molecular cloud and the
ensuing formation of wide (a few au to 0.1 pc) binary sys-
tems (Boss 1992a, 1992b, 1993; Bonnell et al. 1991; Bonnell
& Bastien 1992; Nelson & Papaloizou 1993), little attention
has been paid to the close systems.
Most fragmentation calculations have considered only
the isothermal collapse phase (see Bonnell 1994b and refer-
ences therein). Fragmentation at this stage is unable to form
close binary systems because of the densities (and hence
the size,  4 au [Larson 1969]) at which molecular hydro-
gen becomes optically thick and fragmentation is suppressed
(Boss 1986). It is therefore unlikely that fragmentation dur-
ing the isothermal collapse phase can form binary systems
with separations less than 1 au without signicant orbital
decay (e.g. Clarke & Pringle 1991).
Another possibility for the formation of close binary
systems occurs when the molecular hydrogen starts to dis-
sociate, allowing for a second collapse phase (e.g. Bon-
nell 1994b). Boss (1989) investigated the possibility of frag-
mentation during this collapse phase. He found that, al-
though a small m = 2 initial density perturbation grew once
, the ratio of the rotational energy to the absolute value of
the gravitational energy, was large (i.e.   0:3), the two
components were forced to merge due to the growth of spi-
ral arms which transported angular momentum away from
the protobinary. An alternative to direct fragmentation dur-
ing the collapse phase is the fragmentation of a rotationally
supported protostellar disc at the end of a collapse phase.
The interplay of an m = 2 bar-shaped central object with
a surrounding disc and continued infall can fragment the
disc and thus form a binary system. This process has been
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found to occur at the end of the isothermal collapse phase
(Bonnell 1994a). In this paper, we investigate whether this
process can also occur at the end of the second collapse
phase, taking into account two additional constraints. First,
the initial conditions are that of a pressure (and possibly
partially rotationally) supported core with some degree of
central condensation, and thus should in general not be too
far from virial equilibrium. Secondly, the equation of state
in the second collapse phase is due to the dissociation of
molecular hydrogen instead of an optically thin gas.
The calculations are presented in Section 2 and the ini-
tial conditions are discussed in Section 3. Section 4 presents
the results while Section 5 discusses the further evolution of
the systems. Our conclusions are included in Section 6.
2 CALCULATIONS
The simulations reported here were performed with a three-
dimensional Smooth Particle Hydrodynamics (SPH) code
(Benz 1990; Benz et al. 1990). The code uses a tree to
calculate the gravitational forces and to nd the nearest
neighbours. It also uses individual time steps for each par-
ticle that are limited by the Courant condition. To ensure
that no spurious transport of angular momentum occurred
due to the articial viscosity, many tests were performed
with dierent values of the articial viscosity parameters
and with a switch to reduce the articial viscosity in shear
ows (Benz 1990). No transport of angular momentum oc-
curred before the development of the non-axisymmetric per-
turbations. The transport of angular momentum once non-
axisymmetric perturbations are present can be directly at-
tributed to gravitational torques (Bonnell 1994a). The only
eect of the dierent levels of the articial viscosity was to
increase or decrease the energetics of the bounce that occurs
at the end of the second collapse phase (note that a bounce
will occur at the end of any dynamical collapse phase). The
dierent levels of the bounce aect exactly which fragmen-
tation mode occurs (e.g. a more violent bounce is more
likely to undergo ring fragmentation, see Section 4.2), but
the fragmentation itself (see Section 4), occurring after the
bounce, was not aected.
As in Bonnell (1994a), a polytropic equation of state is
used, but with values of  that apply to the second collapse
phase:
P = K

with  depending on the density  such that
 = 
1
= 7=5  < 
c1
 = 
2
= 1:1 
c1
<  < 
c2
and
 = 
3
= 5=3  > 
c2
:
The values of  are taken from Tohline (1982) and corre-
spond to where molecular hydrogen is optically thick (
1
=
7=5), where molecular hydrogen is dissociating (
2
= 1:1)
and where the hydrogen is in atomic form (
3
= 5=3). The
critical values 
c1
and 
c2
are chosen to be 5:66  10
 8
g cm
 3
and 1:0  10
 2
g cm
 3
, respectively, where the
former is chosen as being where the temperature reaches
2000 K assuming that it starts at a temperature of 10 K at
 = 1:0  10
 13
g cm
 3
. Lower values of 
c2
(e.g. 10
 3
and 10
 4
g cm
 3
) were tried to ensure that the exact value
when collapse was halted does not aect the results. The
only eect of lower values of 
c2
is a slight change in the scale
at which fragmentation occurs, and hence the separation of
the resultant binary.
2.1 Eects of the equation of state
Although a polytropic equation of state is a crude represen-
tation of the real equation of state, it allows us to follow the
dynamics of the collapse phase. The exact softening due
to the dissociation of molecular hydrogen should not greatly
change the results as long as 
2
 1:1. The equation of state
used by Boss (1989) is actually softer than the one used here
during H
2
dissociation. The approximate form of the equa-
tion of state does imply that the calculations correspond to
either a higher value of J
0
(the ratio of the absolute value of
the gravitational energy to the thermal energy) if 
2
> 1:1,
or a lower value of J
0
if 
2
< 1:1 (as is the case for the
equation of state used by Boss [1989]).
The fragmentation modes presented below depend on
the rotational instability of the nal core. Rotational in-
stabilities are expected if 
f
, the nal value of , is greater
than a certain critical value (
f
>

0:3; e.g. Tassoul 1978).
Here we investigate how the exact value of 
2
can aect

f
and hence the probability of fragmentation. For larger
values of 
2
, there is a possibility of nding an equilibrium
conguration and thus halting the collapse before  = 
c2
(Tohline 1984). In an isothermal (or nearly isothermal) col-
lapse, the thermal energy does not increase appreciably, and
an equilibrium can therefore only be reached if 
f
 0:5. Al-
ternatively, in a non-isothermal collapse, the thermal energy
can increase suciently to be an important source of sup-
port. In this case, 
f
can be relatively small, and below the
limit for dynamical instability (i.e. 
f
< 0:3). An extreme
example of this is that, if 
2
> 4=3, the thermal energy
can halt collapse without any rotational support (
f
= 0).
Following Tohline (1984), and using Maclaurin spheroids to
judge the endpoint of a collapse, we can determine for what
phase space of the initial conditions (J
0
; 
0
) the core will col-
lapse all the way to 
c2
. For example, if 
2
= 1:2, collapse
can be halted before reaching 
c2
if 
0
> 0:1. Furthermore,
for those cores that collapse completely to 
c2
, as long as

0
> 0:02, they will have 
f
> 0:3.
To verify this, several simulations were run with 
2
=
1:2 during molecular hydrogen dissociation. In general,
these simulations evolve in a qualitatively similar way to
those with 
2
= 1:1. They collapse down to 
c2
and have a

f
> 0:3. An exception occurs for some simulations that
started from near virial equilibrium, but with signicant
rotation (
0
 0:1). These last simulations reached an
equilibrium at densities  < 
c2
, with 
f
< 0:3, and did
not undergo any rotationally driven instabilities (see also
Tohline 1984).
3 INITIAL CONDITIONS
Following Boss (1989), we simulate the second collapse phase
from `initial' conditions representing the outer core (formed
from the isothermal collapse phase) at the time when the
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second collapse phase occurs. The envelope that is still in-
falling on to the outer core is ignored. This does not greatly
aect the collapse, since the time-scale for the envelope's in-
fall is much longer than the free-fall time of the core. This
does imply, however, that the constant-volume boundary
conditions used here are a limitation. As the gas collapses,
the density increases in the central regions and correspond-
ingly decreases near the boundary. This causes the pressure
to drop at the boundary. In reality, the outer envelope would
maintain a near-constant pressure on the collapsing core. A
constant-pressure boundary would have the eect of increas-
ing the Jeans number of the core as it would compress the
less-dense regions, maintaining a minimum density compa-
rable to the original density at the boundary. This would
enhance the possibility of fragmentation.
The initial conditions can be characterized in two ways:
by the initial conguration of the outer core that collapses
and by how close they are to virial equilibrium. The initial
congurations are in two types. The rst type has uniform
initial density with R
0
= 5:9 10
12
cm (0.4 au), while the
second has a Gaussian density prole:
 = 
o
 exp

 a
 
R
R
0

2

;
where the constant a is picked such that the density at the
boundary (
R
0
) is 1/20 of the central density (
0
), and an
initial radius of R
0
= 11:8  10
12
cm (0.8 au). The main
dierence between the two is that, for the second case, the
initial density is lower than the critical density for the sec-
ond collapse phase to begin, and this, combined with the
slight central condensation, means that the core has to con-
tract quasi-statically until the central region which contains
a Jeans mass has  > 
c1
. This is probably a more realistic
initial condition for the second collapse phase. To ensure
that the results are not sensitive to the initial density pro-
le, one simulation was run with a 1=r density prole. This
simulation evolves as do the other simulations that are ini-
tially centrally condensed, forming a rotationally unstable
core with surrounding disc. Unfortunately, this simulation
was not followed long enough to see whether fragmentation
would eventually occur.
The simulations can also be divided into two categories
by the amount of rotation initially present, and hence how
close they are to virial equilibrium. Those of the rst type
start from conditions close to virial equilibrium,
1
J
0
+ 
0
 0:5;
and therefore have signicant rotational support. Those of
the second type have little rotational support, and are not
in approximate virial equilibrium (corresponding to the cal-
culations reported in Bonnell [1994a] for the case of the rst
collapse phase).
The calculations were performed with 10 000 or 20 000
particles. The masses used vary between 0.02 and 0.1 M

,
giving mean densities that vary between 0:1 and 4 times

c1
. Solid body rotation with 
0
varying between 0:03 and
0:25 was used to simulate initial conditions with very little
or signicant rotational support. In terms of fragmentation,
solid body rotation should be the worst case since dierential
rotation has been found to increase fragmentation (Myhill
& Kaula 1992).
4 RESULTS
In all the simulations, the collapse proceeds axisymmetri-
cally until the bounce (which halts the collapse phase) has
occurred. No fragmentation, due to any small initial per-
turbations, or due to the cloud's rotation, occurs before the
bounce. Even simulations that start from high J
0
and 
0
(e.g. J
0
= 10, 
0
= 0:1) do not fragment before the core
bounces. Thus the small perturbations inherent in a dis-
cretized simulation are not able to grow suciently for frag-
mentation to occur before rotational and pressure support
increases suciently to halt the collapse.
In the simulations that started from centrally condensed
initial conditions, the central density, initially below the crit-
ical density (
c1
; where molecular hydrogen starts to disso-
ciate), decreases during the initial stages of the evolution.
Hence the central regions do not contain a Jeans mass and
therefore have to wait for the contraction of the less-dense
regions before collapse can proceed. This implies that the
degree of central condensation used in the initial conditions
here is sucient.
The results can be divided into two sections. The rst
section is for the centrally condensed initial conditions and
for cores with uniform initial density but with lower values
of J
0
. These simulations underwent disc fragmentation (see
Section 4.1 below). The second set of results involve more
unstable initial conditions, such that a greater number of
Jeans masses are involved in the collapse. These simulations
underwent ring fragmentation (see Section 4.2 below). All
of the latter simulations started from an initially uniform
density. The main dierence between the two sets of results
is the number of Jeans masses involved at the bounce that
occurs at the end of the second collapse phase.
4.1 Disc fragmentation
In these simulations, the protostellar disc fragments due to
rotational instabilities. These simulations can be divided
into two groups. The rst group, where the collapse remains
axisymmetric until the bounce occurs, undergo evolutions
similar to that previously investigated by Bonnell (1994a)
in the case of the rst collapse phase. These will only be
briey discussed here. Important dierences in the simula-
tions are the value of  during collapse ( = 1:1) and the
variety of initial conditions (centrally condensed or uniform
density; small 
0
or 
0
 1=2   1=J
0
). In all the simula-
tions, the cloud collapses to form a rotationally supported
disc with a pressure supported core inside. Rotational in-
stabilities develop in the core and disc, involving both an
m = 1 and an m = 2 non-axisymmetric mode. The m = 2
mode grows rst, once the core has  > 0:3. The m = 1
mode grows afterwards, being driven by the m = 2 mode
(see Bonnell 1994a).
The second group dier in that the collapsing core does
not remain completely axisymmetric. In these simulations,
rotational support is initially important (in contrast to the
simulations reported in Bonnell [1994a]), and them = 1 and
m = 2 modes can grow concurrently during the collapse.
This can be understood as  > 0:3 well before the bounce
occurs. The collapse is thus slowed down and the instabil-
ities have time to grow. For a discussion on the growth of
low-m non-axisymmetric modes during collapse, the reader
is referred to Boss (1982). It is also of interest to note here
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Figure 1. The particle positions projected on to the equatorial plane for a simulation involving the fragmentation of a protostel-
lar disc around the inner protostellar core. The simulation was performed with 10 340 particles, J
0
= 2:5 and 
0
= 0:1. The time in
units of the free-fall time (t

= 9:26 10
6
s) is given in the upper right hand corner of each panel. The axes are in units of the initial
radius (5:9 10
12
cm).
that Woodward, Tohline & Hachisu (1994) have found that
m = 1 instabilities can grow in massive protostellar discs for
moderate values of  (  0:2).
In both cases, the spiral arms due to these non-
axisymmetric (m = 1 and m = 2) modes sweep through
the disc and gather matter together to form a gravitation-
ally unstable condensation. This condensation collapses and
forms a companion. Any rotational support that the matter
has is overcome by the transfer of angular momentum by
the gravitational torques (Bonnell 1994a). This process is
illustrated in Fig. 1.
This result does not depend on the initial density pro-
le, as clouds with uniform or centrally condensed initial
densities form rotationally unstable cores and discs. Fur-
thermore, the clouds that start with  < 
c1
contract quasi-
statically and thus lose their initial conditions before col-
lapse proceeds. This can be easily understood since, in any
collapse that is non-homologous (i.e. for 1 <  < 4=3), the
density prole will evolve to a  / r
 n
(with 2 < n < 3)
form in the outer part of the cloud. Therefore, since the
fragmentation occurs after the collapse is halted, the initial
density prole should not be important.
4.2 Ring fragmentation
These simulations were performed to see if direct fragmen-
tation during collapse is possible. As stated above, none of
the simulations fragment before the collapse is halted. In-
stead, the collapse proceeds nearly axisymmetrically until
rotational support increases suciently to stop the collapse
(see Bonnell 1994a). Since the cloud has a larger value
of J
0
than do the simulations discussed above or in Bon-
nell (1994a), the core contains several Jeans masses when
rotational support stops the collapse. Furthermore, the in-
falling gas compresses the core past the point of rotational
support. The core then bounces outwards in the equato-
rial plane. At the point of maximum compression, if the
value of  of the rotationally supported core is large (e.g.
 > 0:45), then the core is unstable to axisymmetric per-
turbations and can bounce into the form of a ring. The ring
is itself highly unstable to non-axisymmetric perturbations
and quickly fragments (see also Norman & Wilson 1978).
This process can form two or more fragments, depending on
the number of Jeans masses contained in the core when the
bounce occurs. This process is illustrated in Fig. 2.
5 FURTHER EVOLUTION
Although the above section shows that fragmentation (via
either a disc or a ring) at the end of the second collapse phase
is capable of forming close binary systems, it must be noted
that these systems contain very little mass. Since the second
collapse phase occurs when  1 to 10 % of a solar mass is
contained in the rst (outer) protostellar core, and since the
fragmentation process forms objects with about 10 % of the
total mass involved, the binary systems thus formed have
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Figure 2. The particle positions projected on to the equatorial plane for a simulation involving ring fragmentation. The simula-
tion was performed with 10 340 particles, J
0
= 2:75 and 
0
= 0:03. The time in units of the free-fall time (t

= 8:74 10
6
s) is given
in the upper right hand corner of each panel. The axes are in units of the initial radius (5:9 10
12
cm).
less than 1 per cent of a solar mass. To form a binary system
where the components have stellar masses, these seeds will
have to grow through accretion (e.g. Artymowicz 1983). To
follow this evolution is beyond the capabilities and scope of
the present study. This does imply, however, that the nal
orbital parameters will depend crucially on the subsequent
accretion.
Furthermore, a competing process involving angular
momentum loss could force the two components to merge
together long before the accretion has nished. One such
process that has been investigated is the dynamical interac-
tion of a binary system with a non-self-gravitating circumbi-
nary disc (Artymowicz et al. 1991). It was found that the
loss of angular momentum through the gravitational torques
operating between the binary and the disc can cause signi-
cant orbital evolution, decreasing the separation, especially
at periastron. This process is liable to play an important
role in the development of a protobinary system where most
of the matter that has to be accreted will have higher angu-
lar momentum and thus form a circumbinary disc.
Alternatively, the embedded binary can force the cir-
cumbinary disc to fragment (Bonnell & Bate 1994). The
fragmentation of the circumbinary disc occurs in a similar
manner to the fragmentation process discussed here. This
will ensure the survival of a close binary system even if the
protobinary does merge. This binary decay and circumbi-
nary disc fragmentation process could be repetitive through-
out the long accretion phase, resulting in the formation of a
close binary star at the end of the accretion phase.
6 CONCLUSIONS
The fragmentation and formation of binary systems during,
and after, the second collapse phase are investigated. Frag-
mentation does not occur during the collapse phase itself but
can occur via two mechanisms once the collapse is halted.
First, fragmentation of a protostellar disc can occur, induced
by the combination of m = 1 and m = 2 non-axisymmetric
modes. These modes combine to gather sucient matter to-
gether in a condensation to be gravitationally unstable and
collapse. This result, extending a previous study by Bon-
nell (1994a) of the (rst) isothermal collapse phase, is unaf-
fected by dierences in the initial conditions (e.g. centrally
condensed and near virial equilibrium) and the exact equa-
tion of state. The exact initial density distribution does not
aect this mechanism, as the fragmentation occurs at the
end of the collapse phase, by which point all memory of the
initial density prole is erased by the collapse.
The second fragmentation mechanism involves the de-
velopment of an axisymmetric ring perturbation during the
bounce that occurs at the end of the second collapse phase.
If the collapse is halted by rotational support, the central
regions contain a number of Jeans masses, and the collapse
involves signicant radial motion such that it is halted only
when compressed beyond equilibrium, it can be unstable
to the development of axisymmetric perturbations. It then
bounces into a ring which can fragment into several pieces.
The binary and multiple systems formed from these pro-
cesses are close systems with separations of a few R

.
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The binary and multiple systems thus formed contain
very little mass. This is due to the fact that the second
collapse phase occurs when only a few per cent of a solar
mass is involved. The formation of a binary system with
stellar masses (and the binary's properties) from these seeds
will therefore depend critically on the accretion process.
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